Establishing and optimizing radial forging procedures by empirical means to meet stringent microstructural requirements can be time consuming and expensive. Therefore, a three dimensional finite element model has been developed to predict temperature and strain distributions during radial forging. The model applies a quasi-steady-state approach that reduces computation time and simplifies the presentation of results. Temperatures and strains are presented as contour plots of longitudinal and transverse cross sections and by three dimensional perspective views. Values predicted by this model show good agreement with experimental results based on temperature measurements and microstructure evaluation for Alloy 718.
Introduction
During radial forging, adiabatic heat is generated by the rapid stroke rate. This helps provide an opportunity to meet stringent grain size and other structural requirements needed by forgers and end users such as aircraft engine builders. However, establishing a procedure for radial forging a given product entails selecting values for a number of parameters such as furnace temperature, axial feed rate, reduction per pass, reheat sizes, die geometry, and billet length. Selection of these process parameters has traditionally been expensive and time consuming; it has been governed by empiricism, trial and error, designed experiments, and operator experience. Therefore, analytical methods to predict process parameters are highly desirable. Such methods are very useful for conducting "what-if' parametric studies to investigate relationships between process variables and their effects on final products.
Review of the literature revealed that an adequate model for predicting process parameters during radial forging of solid workpieces did not exist. Therefore, a program was undertaken to develop a three dimensional (3-D) finite element model for radial forging solid workpieces with the GFM Machine at Teledyne Allvac.
Radial Forging Process
Radial forging is an open-die process for converting ingots to billets, reducing cross sections of billets, and forging shafts and axles. The radial forging machine at Teledyne is a Model SXP-55 GFM (Gesellschaft fur Fertigung und Maschinenbau). Round, square, and rectangular shapes can be produced; also, hollow shafts can be forged. The workpiece is deformed by four hammer dies arranged radially around the work piece. Four die configurations are used: universal, round, rectangular, and hollow. The configuration for
round dies is shown in Figure 1 . Dies are activated by connecting rods driven by eccentric shafts which generate a stroke rate of 200 strokes Per minute. For different size Round Forging machines the stroke rates would be different. After each forging blow, the workpiece is fed axially Figure 1 . Radial forging with round dies.
(1-8 m/min) toward the entrance of the dies. The workpiece is held at each end by chuckheads, which are track bound manipulators, When producing round products, the chuckheads rotate the work piece between blows to obtain a uniform forged surface.
The radial forging process can be fully automated, which results in excellent product consistency and makes rotary forging a good candidate for modeling.
Radial Forging Model
Quasi-Steady-State Approximation
The metal forming industry has made extensive use of the finite element method to conduct both transient and steady-state analyses of forming processes. When appropriate, steady-state analyses are usually desirable.
In general, they are numerically more accurate, computationally less expensive, and easier to interpret than results obtained from transient analyses. But, radial forging is inherently a transient process. As the billet moves through the forge, it is subjected to cyclic loadings from the hammers. However, evaluation of surface temperatures, forces, and microstructures led the authors to investigate the use of a quasi-steady-state (QSS) formulation for the analysis of radial forging.
An important aspect of the quasi-steady-state approach is the concept of a control volume. This represents a section of the billet in the near vicinity of the hammers. It provides the shape of the billet just prior to bting struck by the hammers as shown in Figure 2 where the mesh is superimposed on the control volume. With the quasi-steady-state approach, it is necessary to work only with the control volume rather than the entire billet.
Input for Material Properties
Before an analysis can be performed on a given alloy, certain material properties for that alloy must be put into the computer. These include the following:
. Flow stress as a function of temperature, strain, and strain rate . Specific heat vs temperature . Thermal conductivity vs temperature . Density
Compression testing has been used to acquire flow stress data now in the computer.
Input for Problem Definition
At the beginning of an analysis, the following parameters are inputed: An analysis of a scheduled-forging operation begins with the billet temperature assumed uniform and equal to the known furnace temperature. A transient thermal analysis is then conducted to account for temperature changes which take place during the transfer of the billet from the furnace to the forge. It is assumed that the temperature changes are the same throughout the length of the billet; hence, the analysis is conducted on a typical cross section of the billet. The simulated time used for the analysis is the time between the removal of the billet from the furnace and the entrance of material into the control volume used for the analysis.
Once the transient, thermal analysis is completed, the QSS analysis is begun with the billet entering the control volume having the temperature distribution obtained from the transient analysis. The QSS analysis then provides the temperature distribution throughout the billet occupying the control volume.
For subsequent passes of the workpiece through the forge, the temperature distribution in the cross-section of the billet leaving the control volume is used as the initial temperature for a transient, thermal analysis. The simulated time for this analysis is the time that a cross section leaves the control volume to the time that same cros section enters the control volume for the next QSS analysis. Note that the thermal changes which take place within the billet between the time the material enters the control volume and leaves the control volume is accounted for in the QSS analysis; hence, this period of time is not part of the transient analysis. With the initial temperatures for the next pass thus obtained, a new QSS analysis is conducted. The procedure is continued until the entire forging schedule has been simulated.
output
Results from an analysis are presented as contour plots of temperature and contour plots of strains for the control volume. These contours can be lines or enclosed regions can be color coded. They can be displayed for longitudinal cross sections, transverse cross sections, or three dimensional perspectives. The model also has the capability of providing strain rate information.
Application of Radial Forging Model
Forging Small Diameter 718
As part of the verification process, a billet six inches (152 mm) in diameter was radial forged to four inches (109 mm) in three passes following the forging schedule shown in Table I . Temperature contours for Passes 1 and 3 generated by the model are presented in Figures 3 and 4 , respectively, for longitudinal and transverse cross sections and for a perspective view. The volume shown represents the control volume and the transverse crosssection corresponds to the extreme exit end of the control volume. The model allows any cross section through the control volume. Effective true strain contours are shown for Pass 3 in Figure 5 for longitudinal and transverse cross-sections. The surface spiral pattern evident in Figures 3 and 4 is related to rotation of the workpiece. It is also visible in practice, which indicates agreement between the model and actual practice. Adiabatic heating is also evident.
Surface temperatures were measured by infrared pyrometers mounted on both the entrance and exit sides of the forging box. These agree well with model predictions for all three passes as shown in Figure 6 and Table II . Predicted temperatures in the center of the billet are presented in Figure 7 and at internal locations can be achieved by observing microstructures. For example, final grain size for the surface of the billet forged in this study was ASTM 10 with ALA (As Large As) grains up to 2 compared to the surface which was ASTM 8 with ALA grains to 2. These grain sizes are consistent with the temperatures and strains predicted by the model. Microstructures are shown in Figure 8 for surface and center locations. 
Conclusions
A 3-D finite element model has been developed which accurately predicts temperature and strain distribution for radial forging. The model applies a quasi-steady-state approximation to generate temperatures and strain contours that can be presented as lines or colored regions. By running successive analyses, a complete forging schedule can be analyzed without excessive computational time.
